Abstract. Elemental carbon (C) and nitrogen (N) concentrations, C:N ratios, and stable C and N isotopic compositions (d 13 C and d 15 N) were used to determine the sources of riverine solid phase extracted and ultrafiltered dissolved organic matter (DOM) and suspended fine particulate organic matter (FPOM). DOM and FPOM as well as potential source materials were seasonally collected in downstream direction along the last large seminatural river draining the European Alps, the Tagliamento River (Italy). These investigations suggest that the major sources of FPOM and solid phase extracted and Aquat. Sci. 66 (2004) 103-116 1015-1621/04/010103-14 DOI 10.1007/s00027-003-0683-4 © EAWAG, Dübendorf, 2004 Aquatic Sciences ultrafiltered DOM in this river are a mixture of riverborne bacterial and microalgal biomass and soil-derived organic matter. Low C : N ratios of FPOM and bulk DOM, compared to DOM isolates, further indicate that FPOM is highly reactive and that its degradation releases bioavailable DOM compounds. Downstream abundance and distribution of organic C and N were also compared to inorganic nutrient concentrations and indicate that FPOM remineralization is a major pathway for the formation of inorganic nutrients in Tagliamento surface waters.
Introduction
Carbon (C) and nitrogen (N) are essential to all life processes and vital for the flow of energy through aquatic and terrestrial environments (Wetzel, 1992) . Particulate organic matter (POM) and dissolved organic matter (DOM) represent major reactive reservoirs of organic C and N on Earth (Meybeck, 1981; Hedges et al., 1997) . Exploring their transport and transformations help understand the global biogeochemical cycling of these elements.
Rivers receive, produce, and discharge a significant portion of organic material. Further, they integrate a wide range of different habitats, reaching from alpine regions to coastal and oceanic realms (Hedges et al., 1997; Opsahl and Benner, 1997) . Over the recent past we have learned that these systems perform multiple functions, which heavily depend on climate, catchment area, habitat structure and diversity, trophy, and several other factors (Ward, 1998; Arscott et al., 2000; Tockner et al., 2002) . Rivers not only transport material but transform it through chemical, physical, and biological reworking (Ittekot, 1988; Hedges et al., 1994; Raymond and Bauer, 2001 ). The origin of organic matter is of particular interest since it greatly determines its chemical and biological reactivity and hence controls specific transformation pathways (Wetzel, 1992; Hedges et al., 1992; .
Over the past three decades, applications of elemental ratios and stable isotopes for source identifications and process studies in terrestrial and aquatic environments proliferated. The d 13 C of POC and DOC have been used successfully to identify organic C sources and to enhance the understanding of organic matter cycling (Canuel et al., 1995; Benner et al., 1997; Raymond and Bauer, 2001 ). The d 15 N isotope has been beneficial to the study of N cycling, particularly for processes such as N 2 -fixation, nitrification, and denitrification (Wada and Hattori, 1976; Altabet, 1988; Bronk et al., 1994; Benner et al., 1997) . d 15 N is also used as trophy indicator and for tracing the flow of N within food webs (Macko et al., 1983; Fry, 1991; McLeod et al., 1998) . Many isotope composition studies have been conducted in freshwater and marine systems, but detailed information on how C and N cycle spatially and temporally during riverine transport is still scarce (see Finlay et al., 1999; 2001) . More information is needed to better understand the exchange of energy and nutrients between ecosystems, especially at the land-river interface.
Organic material borne by larger lotic systems is mainly terrestrial POM and DOM (Hedges et al., 1986; Findlay and Sinsabaugh, 1999; Raymond and Bauer, 2001 ) and highly degraded (Hedges et al., 1994) . Owing to isotopic differences between C 3 -and C 4 -plants, different vascular plant sources (Fogel and Cifuentes, 1993) as well as their turnover can be readily identified. Isotopic values of suspended organic particulates were found to closely match that of soil organic matter (Meybeck, 1981; Hedges et al., 1986) . However, depending on riparian vegetation, stream size, and discharge, autochthonous microbial production may also contribute significant portions to riverine organic matter (Minshall, 1978; Finlay et al., 2001) . The presence and influx of different source materials vary along longitudinal transport gradients and with season (Hobbie, 2000) . Therefore, the isotopic signatures of different materials may overlap to a significant degree, making interpretation of d 13 C and d 15 N measurements for source identification in aquatic systems difficult.
In this study, a combination of C :N ratios and stable C and N isotopic compositions of DOM isolates, FPOM, and particulate organic materials were used to infer the origin and chemical and biological reactivity of riverine DOM and FPOM. Samples were collected along the Tagliamento River, located in northeast Italy (Fig. 1) . This study reports results of the first measurements of stable N isotopic composition of riverine solid phase extracted and ultrafiltered DOM. The downstream distribution of organic C and N and inorganic nutrient concentrations helped to elucidate different decomposition and remineralization pathways of DOM isolates and FPOM. The overall goal of this study was to investigate the origin and spatial-temporal distribution of organic matter in the Tagliamento River to better understand possible fates of C and N in this highly oligotrophic ecosystem.
Materials and methods

Study area and hydrology
The Tagliamento River, the last large semi-natural river draining the European Alps, has been intensively studied (Ward et al., 1999; Gurnell et al., 2000; Arscott et al., 2000; Nat van der et al., 2002; Kaiser et al., 2003a; 2003b; Tockner et al., 2003) . This river flows unrestrained from the alpine headwater reaches, situated in the Carnian Alps, to the northern Adriatic Sea (Fig. 1) . Reach morphology grades from headwater tributaries to braided floodplains, and a lowland meandering reach near the river mouth (Ward et al., 1999;  Fig.1 ). The channel structure is highly complex and the channels shift regularly and in response to peaks in the hydrograph (Arscott et al., 2002; Tockner et al., 2003) .
The hydrograph is a flashy pluvio-nival regime driven by intense rainfall events in autumn and rain on snowpack in spring. Average discharge at river-km 59 (7 th order) is 90 m 3 s -1 , with periodically returning floods that are estimated to be 1100, 1500, and 2150 m 3 s -1 when averaged over 2, 5, and 10 years, respectively (Gurnell et al., 2000) . Major tributary streams to the Tagliamento River are the Arzino, But, Degano, and Fella (Fig. 1) . The streambed typically lacks surface water at certain points along the Tagliamento mainstem during summer low-flow conditions (Ward et al., 1999) . However, groundwater upwelling and tributaries, such as the But and Degano, contribute water to the mainstem, thereby replenishing surface water. Additionally, water is abstracted at riverkm 33, exacerbating dry conditions, and returns to the Tagliamento mainstem at river-km ~68 (Lago di Carozzo).
Sample collection
Samples, such as woody debris, benthic algae, particulate organic material contained in terrestrial soil sediment (SPOM) -in the following denoted as particulate organic matter (POM) -, and suspended fine organic particles > 0.7 µm (FPOM) were bimonthly collected along the main channel (MC) in an island-braided headwater floodplain (R2), an island-braided lower and major floodplain (R4), and in a braided-to-meandering transition floodplain (R5). Additionally, material was sampled from an isolated pool (P) located in R4 (Fig. 1, Table 1 ). The pool was connected to the main channel via surface flow during flood events. Small woody debris was collected partially submerged from surface flow or from the river banks, where it had accumulated. Benthic algae was scraped from rocks or collected from the sediment sur-face. Samples were collected on seven dates in March, May, July, August, October, and November 1999, and April 2000. Non-decomposed wood and leaf material (Salix eleagnos, Populus nigra, and Alnus incana) was collected from R4 in April 2000. These materials were packed in clean, acid-rinsed plastic-bags, sealed, and stored frozen. Later, these materials were freeze-dried and homogenized to powder. FPOM was collected by filtering raw river water (1 -4 liters depending on turbidity) through precombusted GF/F filters (250°C, Whatman). The filters were wrapped in precombusted aluminiumfoil, and stored frozen. Homogenized POM and FPOM on GF/F filters were acidified by vapor-phase to remove residual carbonates. Aquat. Sci. Vol. 66, 2004 Research Article 105 Figure 1 . Catchment of the Tagliamento River with sampling sites marked by large grey patches. Main channel in headwater floodplain (R2MC), in major floodplain (R4MC), and in transition floodplain (R5MC), and isolated pool in major floodplain (R4P). The most important tributary streams, the Arzino, But, Degano, and Fella in the catchment area are also shown. The inset shows the location of the Tagliamento River within Europe.
Water for C18-solid phase extraction and ultrafiltration were sampled bimonthly from the Tagliamento main channel in R2, R4, and R5, and from a pool in R4 on each sampling date. Water levels between sampling events varied from low-to high-flow conditions (Kaiser et al., 2003 a) . Water samples (~200 L) for DOM fractionation were collected with clean 50 L high-density polyethylene (HDPE) carboys and were transported back to the laboratory near R4 for further processing. Immediately following collection, water samples were passed through clean GF/F-and 0.2 µm Durapore filters (142 mm diameter, Millipore) and stored in clean 50 L carboys.
On August 25 and 26, 2001, water samples were taken at 3 -5 km intervals along the entire length of the Tagliamento mainstem. To estimate the extent of point and nonpoint source nutrient addition to mainstem surface waters, samples were also taken at 3 -5 km intervals from the main channels of the tributaries Arzino, But, and Fella (Fig. 1) . Tributaries and the Tagliamento mainstem were near baseflow conditions during sampling. Temperature and pH were measured in the field during sample collection. FPOM was collected as described above. Filters were stored frozen for particulate organic C (POC), particulate N (PN), and particulate P (PP) analyses (see below). Water for inorganic nutrient analyses and dissolved organic N (DON) were filtered using a sterile 60 mL syringe (Merck) with a disposable, sterile 0.45 µm cellulose nitrate prefilter (Sartorius). The filtrates were stored in precombusted 500 mL Schott-bottles (Duran) at 4°C in the dark. Subsamples for TOC and DOC analyses were collected directly after filtration in acid-rinsed, precombusted 40 mL EPA glass vials (Wheaton), acidified to pH~3 (2 M HCL), sealed with Teflon-lined caps, and stored at 4°C.
DOM fractionation and isolation
The fractionation of all water samples was performed immediately after collection. DOM was either chemically fractionated or size fractionated. In April 2000, DOM was isolated by employing both methods in parallel for a more complete recovery of DOM components. Chemical fractionation of DOM into hydrophobic and hydrophilic compounds was achieved using a Mega Bond Elute C18 column (C18 loaded silica, 60CC, Varian) and by following the procedure by Louchouarn et al. (2001) . From the bulk DOC (DOC <0.2 µm) 6-29% were recovered as a hydrophobic fraction after sorption, elution, and 106 E. Kaiser et al. C and N in a semi-natural alpine river system Table 2 ). Fractionation of bulk DOM into high-and low-molecular weight (HMW and LMW) DOM was achieved using a Filtron tangential flow ultrafiltration system with a polyethersulfone membrane (1 kDa nominal weight cutoff) and by following the protocol by Benner et al. (1997) and Kaiser et al. (2003 a) . Water temperature ranged from 20 -22°C during ultrafiltration. Ultrafiltered DOC (cDOC) varied between 4-9% of bulk DOC after concentration and freeze-drying (Table 2 ). For every sample, a C mass balance was established to determine whether C was lost or gained during fractionation. Samples for DOC analysis were collected as described above and stored frozen until analysis. The percentage of DOC recovered after fractionation of bulk DOC was calculated as follows: % of initial DOC (< 0.2 µm) = 100 (DOC retentate + DOC permeate ) (DOC < 0.2 µm ) -1 , where DOC stands for DOC concentration and was corrected by the respective concentration factor. The concentration factor was calculated as follows: CF (concentration factor) = ratio of the initial sample volume to the volume of retentate (concentrate) at the end of filtration (solid phase extraction). Mass balance calculations revealed that 99 -144 % from initial DOC were recovered after ultrafiltration and 100 -139 % after C18-solid phase extraction.
All samples for laboratory experiments were stored at 4°C in the dark and immediately brought to EAWAG, Switzerland. DOM adsorbed onto the C18 phase was eluted by gentle vacuum-filtration using high-purity methanol (Merck). The methanol phase was removed from DOM by roto-evaporation and freeze-drying. The extract was then again redissolved in MQ-UV water (Millipore). For removal of trace metals for 13 C NMR experiments, two solid phase extracted and one ultrafiltered DOM sample (see Fig. 6 D, E, F) were cation-exchanged (Bio-Rad, AG 50W and AG MP-50, Everett et al., 1999) . All DOM concentrates were freeze-dried to a powdery solid phase. Dried material was sealed in precombusted glass tubes (Supelco) and stored at 4°C in the dark for elemental, stable isotope, and 13 C NMR analyses. Aquat. Sci. Vol. 66, 2004 Research Article 107   Table 2 . Sample description, concentration of bulk DOC, and concentrations (cDOC, cDON) and stable isotope compositions of C and N in solid phase extracted and ultrafiltered dissolved organic matter from the Tagliamento River. Solid phase extracted = SPE, nd = not determined. * R2, headwater floodplain; R4, major floodplain; R5, lower floodplain; MC, main channel; P, isolated pool in major floodplain.
Measurements of organic C and N and inorganic nutrients
Carbon and N contents of the various POM, FPOM, and DOM samples were measured by using a Vario-EL CHNS analyzer (Hedges and Stern, 1984) . Total organic C (TOC) and DOC concentrations were determined by high temperature catalytic oxidation with a Shimadzu 5050A analyzer (Benner et al., 1993; . Temperature (± 0.1°C) and pH (± 0.01) were measured in the field using a Universal Pocket Meter Multiline P4 (WTW GmbH).
Stable C and N isotope analyses
Stable C and N isotope compositions of dried and homogenized POM, FPOM, and isolated DOM were measured on an Isoprime isotope ratio mass spectrometer (Micromass). Samples were combusted at 850°C. Isotopic compositions were reported as
where N E is the heavy isotope of an element ( 13 C or 15 N) and R is the ratio of 13 C: 12 C or 15 N: 14 N in the sample and the standard (Craig, 1957) . The C and N isotope ratios of the samples were determined by comparison with the standards carbonate (NBS19 carbonate), sucrose (IAEA-CH-6), calcite (IAEA-CO-8), ammonium sulfate (IAEA-N-1, IAEA-N-2), potassium nitrate (IAEA-NO-3), and lithium carbonate (LSVEC), with all values reported relative to the PeeDee Belemnite and atmospheric N 2 standards. The reproducibility of analysis was typically ± 0.1 ‰ for d 13 C and ± 0.3‰ for d 15 N.
Solid-state 13 C NMR spectroscopy 13 C NMR spectra of dried and homogenized POM and isolated DOM were obtained as described by Zang et al. (2000) and Dria et al. (2002) , using the ramp cross polarization magic angle spinning (ramp CPMAS) pulse program and two pulse phase modulated (TPPM) decoupling on a Bruker DSX 300 NMR spectrometer, operating at a frequency of 300 MHz for 1 H or 75.48 MHz for 13 C. Approximately 20 -30 mg of sample was spun at a frequency of 13 kHz using a contact time of 2 ms and a 1 s recycle delay time. For each sample 80,000 -100,000 acquisitions (scans) were collected. For each sample's free induction decay, 1,024 complex data points were collected and zero-filled to a total of 4,096 data points. The samples were Fourier-transformed, 100 Hz line-broadening was applied and phased appropriately. The carboxyl carbon of glycine (176.03 ppm) provided a secondary reference for all solid-state spectra.
The spectra were split into aliphatic and aromatic regions and integrated over 0-60, 60 -90, 90-110, 110 -160, 160 -180 , and 180 -230 ppm regions for quantitative comparisons. The area between 0 -110 ppm was assigned to aliphatic carbons, and that between 110 -160 ppm to aromatic carbons (Malcolm, 1990) . The aromaticity and aliphaticity of each sample was calculated as percent of corresponding area from the total integrated area (data not shown). The chemical shift of more defined signals indicate specific functional groups or structures, such as: alkyl groups (12 -25 ppm), methylene (29 -35 ppm), sugars, aliphatic methine, alcohols, methoxyl and amino carbons (45 -90 ppm), possible anomeric sugars (90 -110 ppm), aromatics and alkenes (110 -140 ppm), aromatic carbon adjacent to oxygen (140 -160 ppm), carboxylates, aliphatic amides (160 -190 ppm), and carbonyls and ketones (190 -230 ppm) .
Statistical analysis
Statistical analysis were performed with parametric analysis of variance (ANOVA) and the multiple t-test (Bonferroni) using SYSTAT version 10 for PC (SPSS Inc., 2000) .
Results
Spatial-temporal distribution of POM, FPOM, and DOM Based on bimonthly measurements, the C and N contents of woody debris ranged from 13 to 38 and 0.1 to 0.7 µmoles mg -1 , respectively (n = 29, data not shown). In comparison, non-decomposed wood and leaf biomass collected in April 2000 contained on average (± standard error, SE) 39 ± 1 µmoles C mg -1 and 0.3 ± 0.03 µmoles N mg -1 (n = 3) (data not shown). There were no observable downstream patterns of C and N concentrations of woody debris, however, there were seasonal trends (p < 0.02 for both). C concentrations were highest in March 1999 (p < 0.005), strongly decreased until May 1999, stayed low until November 1999, and then increased in April 2000. The C content of FPOM made up 0.1 to 19.9 % of total organic carbon (TOC) in the Tagliamento River with a spatial-temporal variation between 0.04 to 12.6 µM ( Table 1 ). The N content of FPOM was high, relative to C, and ranged from 0.04 to 6.8 µM with highest concentrations observed in R2 or R4, and lowest concentrations in R4P (p < 0.006, Table 1 ).
Bulk DOC concentrations in Tagliamento surface waters were low, ranging from 32 to 95 µM (Table 2, Fig.  2C ). [Note that the DOC peak at river-km 50 likely resulted from a point-source pulp mill influx, Fig. 2 C] . DOC concentrations exhibited highest concentrations in R4MC and lowest ones in R4P and R5MC (Table 2) . They also varied seasonally, being highest in March 1999 and April 2000, corresponding to high flow, and lowest in July 1999, during baseflow. An August 1999 flood-event supplied a short-term pulse of C to the system (Table 2) . In August 2001, we also measured dissolved organic nitrogen (DON) concentrations along the Tagliamento mainstem and found that they increased from ~5 to 33 µM N with downstream transport (Fig. 2 D) . Average Aquat. Sci. Vol. 66, 2004 Research Article (± SE) DOC and DON inputs from the three tributary streams were 75.9 ± 3.3 µM C and 11.3 ± 0.5 µM N (raw data are shown in Fig. 3) .
Carbon and N concentrations of isolated DOM (cDOC and cDON, respectively) ranged from 2.9 to 15.9 µM C and 0.1 to 0.4 µM N for solid phase extracted DOM, and from 2.4 to 7.3 µM C and 0.06 to 0.3 µM N for ultrafiltered isolates (Table 2 ). Significant temporal variations only were observed for solid phase extracted cDOC, with highest concentrations in April 2000 and lowest in July 1999 (p < 0.02).
Fine-scale downstream distribution of C, N, and P during August 2001
Particulate organic carbon (POC) concentrations varied longitudinally from 3 to 29 µM, PN concentrations from 0.4 to 7 µM, and PP concentrations from 0.1 to 0.6 µM and followed the longitudinal variation of DOC, TDP, and SRP concentrations (Fig. 2 B, C, D, E) . Note that POC concentrations represent the difference between TOC and DOC concentrations. Increased concentrations of PN and PP at river-km 55 resulted from pulp mill effluents, however, they were readily diluted to upstream levels, by additional flow from the Fella tributary at river-km 57 (carrying a greater discharge than in the mainstem). Increased concentrations of PN and PP at river-km 80 resulted from particle influx from the Arzino tributary, and at river-km 104 from agricultural inputs and very low surface discharge for dilution (Fig. 2 E) . Average (± SE) inputs of particles from the three tributaries into the Tagliamento mainstem amounted to 14 ± 1.1 µM for POC, 1.7 ± 0.2 µM for PN, and 0.16 ± 0.52 µM for PP (raw data are shown in Fig. 3) . Nitrate increased from ~18 to 89 µM N and ammonium from ~0.2 to 3 µM N from the source region to lower reaches (river-km 168) in the Tagliamento mainstem (Fig. 2 D) . This increase was due to elevated nitrate concentrations in a groundwater fed tributary (Varmo River) and increased density of agriculture in lower reaches. TDP concentrations were low, ranging from 0.03 to 0.69 µM, and SRP concentrations were as low as 0.001 to 0.534 µM in the Tagliamento mainstem (Fig. 2 E) . Peak values were caused by two point-source additions of TDP and SRP at river-km 8.7 (local village effluent) and 104 (see above). Similar to PN and PP, the additional TDP was quickly removed within a downstream distance of ~3 km, however, the decrease was attributable to receding surface flow and high retention of nutrients by the hyporheic zone, rather than to dilution. In the Tagliamento mainstem, changes in dissolved nutrient concentrations tended to co-vary with PN and PP concentrations, suggesting that particles are biologically reactive and that TDP is primarily being released through particle decomposition and remineralization.
In the tributaries, TDN concentrations were lower than in the Tagliamento mainstem but increased with distance from the source areas (Fig. 3) . Average (± SE) nitrate and ammonium concentrations in the tributaries were 44 ± 2.7 µM N and 1 ± 0.23 µM N, respectively. TDP and SRP concentrations (0.19 ± 0.02 µM for TDP and 0.01 ± 0.01 µM for SRP) were by approximately a factor of two higher than those measured along the Tagliamento mainstem and showed large variations. Figure 4 shows the relationship among the elemental C and N contents in POM, FPOM, and DOM isolates. Note, that all the data listed below are average values ± standard errors (SE) (see also Tables 1 and 2 ). The average C:N ratio of woody debris was 174 ± 20 and was close to the average ratio of non-decomposed wood and leaf biomass (144 ± 75). Ratios were slightly higher in R2MC or R5MC than in R4P (p = 0.5), indicating differences in the chemical composition of the woody debris present in the mainstem versus the isolated pool (data not shown). The average C :N ratio of SPOM was 53 ± 18, of benthic algal biomass 46 ± 16, and of FPOM 3.7 ± 0.9 (Fig. 4) . Unlike the wood material collected, SPOM has a low C:N ratio and falls close to the DOM isolates (Fig. 4) . Interestingly, benthic algae are separate from the other POM samples, as well as from FPOM and DOM isolates (Fig.  4) . C:N ratios of FPOM (Table 1) are far lower than those (8 -10) reported in other studies (Meybeck, 1981; Hedges et al., 1986) . The average C:N ratio of bulk DOM was 6.9 ± 0.1 (based on DOC and DON data shown in Fig. 2 C and D) and is also at the lower end of values (8 -41) reported for freshwater DOM (Meybeck, 1981; Hedges et al., 1994; Buffam et al., 2001; Tockner et al., 2002) . Interestingly, the C:N ratios of bulk DOM are different from those of DOM isolates, indicating different chemical composition of bulk DOM and DOM isolates. The average C:N ratios of solid phase extracted and ultrafiltered DOM were 39.2 ± 4.6 and 33.8 ± 3.7, respectively (raw data shown in Table 2 ), and are similar to the average C:N ratio of SPOM (Fig. 4) , while the C:N ratios of bulk DOM are distinct from those of POM samples.
C:N ratios, stable C and N isotopic compositions, and bulk chemical composition of POM, FPOM, and DOM
The average (± SE, n = 29) d 13 C and d 15 N of woody debris were -30.1 ± 0.4 ‰ and -6.2 ± 0.4 ‰, respectively (Fig. 5 , the individual data are not shown). Non-decomposed wood and leaf material exhibited an average (± SE, n = 3) d 13 C of -34.4 ± 0.7‰ and d 15 N of -5.2 ± 1.3‰ (Fig. 5) . Generally, d
13 C and d 15 N of woody debris reflected C 3 -plant origin and were lower than those reported in the literature (Hedges et al., 1986; Nadelhoffer and Fry, 1988; Zah et al., 2001 ). The guaiacyl lignin content identified by 13 C NMR in woody debris (97 and 120 ppm, Fig.  6C ) additionally confirms C 3 -plant origin and reflects the abundance of C 3 -plants in the riparian and terrestrial vegetation along the Tagliamento River (Karrenberg et al., 2003) . Non-decomposed wood and leaf biomass contained more intact lignin than woody debris, as expressed by the shoulder on the peak centered around 105 ppm and by the broader carbohydrate peak (including methoxy carbons at 56 ppm) (Fig. 6 B, C) . The otherwise small differences in the 13 C NMR spectra of non-decomposed wood and leaves and woody debris (Fig. 6 B, C) suggest that the collected woody debris was diagenetically young. Indeed, C fractionation in woody debris accounted for up to ~7‰ in d 13 C throughout 1999, indicating that the Aquat. Sci. Vol. 66, 2004 Research Article 111 Figure 4 . Average elemental C and N contents of POM, FPOM, bulk DOM and DOM isolates. The units are mM for FPOM, bulk DOM and DOM isolates, and mmole mg -1 for the POM samples. Note that non-decomposed wood is equivalent to non-decomposed wood and leaves. Data represent means ± standard errors.
chemical composition of wood material changes while decomposition. The average d 13 C and d 15 N of benthic algae were -33.6 ± 1.7 ‰ and -3.1 ± 0.9 ‰, respectively, and are at the lower end of values reported for streams (Hedges et al., 1986; Finlay et al., 1999; Zah et al., 2001 ). These values reflect low primary productivity (Finlay et al., 1999) , possibly limited by low SRP in Tagliamento surface waters (Arscott et al., 2000) . Since nitrate concentrations in Tagliamento surface flow are relatively high (Fig. 2 D) , benthic algae do not appear to be N limited. Therefore, as suggested by other studies (Fogel and Cifuentes, 1993; Bronk et al., 1994) , benthic algae may exhibit the N isotope signature of their abundant inorganic N sources, especially of nitrate. SPOM was isotopically heavier than the POM and DOM samples with regard to d 13 C (average value ± SE: -25.4 ± 1.1 ‰) and had an average d 15 N value of -1.7 ± 0.7 ‰ (Fig. 5) . These values correspond to literature data (Hedges et al., 1986) . FPOM was isotopically heavier than the other POM samples with average (± SE) d 13 C and d 15 N values of -27.4 ± 0.2‰ and -0.9 ± 0.2 ‰, respectively (Fig. 5) .
The individual samples of both DOM isolates exhibited large differences in d 13 C (~10 ‰) ( Table 1 ). The average d
13 C values of these two isolates were distinct from each other (-28.1 ± 0.7 ‰ and -37.7 ± 1.1‰ for solid phase extracted and ultrafiltrated DOM, respectively), while their average d 15 N values were similar (-3.9 ± 0.2 ‰ and -3.7 ± 0.5 ‰ for solid phase extracted and ultrafiltered DOM, respectively) (Fig. 5 ). We have also tested the C18 resin for possible contamination of the C isotopic signature of solid phase extracted DOM and found that it behaved non-contaminating (Fig. 5) . 13 C NMR spectroscopy of solid phase extracted DOM (Fig. 6 D, E) revealed a relatively high aliphatic C content, including carbohydrate/alcohol, and a low abundance of anomeric C from carbohydrates. In contrast, 13 C NMR spectroscopy of ultrafiltered DOM (Fig. 6 F) showed a higher aromatic C content, and a higher abundance of methoxy/amino group carbons, as compared to the solid phase extracted DOM (Fig. 6 D, E, F) . Furthermore, the ultrafiltered sample exhibited only a minor peak assigned to carbohydrate/alcohol carbons (see material and methods for peak identification).
Discussion
Sources of FPOM and DOM Our results of C :N ratios and stable isotopic signature of fine suspended particulate organic matter (FPOM) and of source materials (POM) suggest that FPOM present in 112 E. Kaiser et al. C and N in a semi-natural alpine river system . The peak at ~33 ppm (*) is attributed to C18 contamination during solid phase extraction, and the one at 0 ppm (*) to methyl siloxanes. The NMR spectra of the DOM isolates (Fig.  5D-F) exhibit relatively low signal-to-noise ratios due to low sample quantities, sample complexity, and low organic C contents. Spectra D-F show some sharp peaks that are uncharacteristic for DOM and may be attributed to artifacts (Kaiser et al., 2003 a) .
Tagliamento surface waters is derived from more than one source material. The N content of FPOM is closest to that of benthic algae among the POM samples (Fig. 4) , indicating that algae biomass probably contributes to the formation of FPOM. However, this contribution may only be minor, as suggested for watersheds < 10 km 2 (Finlay, 2001) . Another possible source of FPOM is organic material leached from soil sediments close to the mainstem (SPOM), as inferred from similar d 13 C and d 15 N values of these two materials (Fig. 5 ), in line with other studies (Rounick and Winterbourn, 1986; Schiff et al., 1997 ). An aggregation of dissolved organic compounds appears to be negligible for FPOM formation (Kaiser et al., 2003 a) . The C:N ratios of the DOM isolates (Table 2) are much higher than those of bulk DOM, whose C:N ratio is on average ~7 (data not shown). Using the measured C:N ratios of bulk DOM and DOM isolates we calculated an average C :N ratio of 4 for DOM permeates. [We have calculated this C :N ratio, because DOM permeates are low-molecular weight and hydrophilic compounds and, therefore, cannot be concentrated by conventional techniques, see DOM fractionation and isolation.] The big difference in the average C :N ratio of DOM permeates and DOM isolates suggests that these two DOM pools have different source materials. The C :N ratio of the DOM permeates corresponds to those of FPOM (Table 1) and suggests FPOM origin. Kaiser and Sulzberger (2003 b) have shown that DOM permeates, which represent the largest pool of DOM in the Tagliamento River, were highly bioavailable to riverine bacterioplankton. The fast microbial turnover of this DOM pool implies that also the production/release from FPOM must be fast. These results contradict the findings by Raymond and Bauer (2001) that FPOM forms an aged and recalcitrant compartment of riverine organic matter.
In contrast, the relatively high C :N ratios of DOM isolates correspond to those of SPOM (Table 2 , Fig. 4 ). Regarding the individual DOM isolates, the average d 13 C of solid phase extracted DOM falls close to that of SPOM (Fig. 5) . However, SPOM is probably not the only source of hydrophobic DOM compounds. The relatively high aliphatic and relatively low aromatic C content, and the presence of carbohydrate/alcohol, inferred from 13 C NMR spectroscopy of solid phase extracted DOM (Fig.  6D, E) , are not in contradiction with benthic algae origin. 13 C NMR spectroscopy of benthic algae biomass revealed a high aliphatic C content (86 % of total C) (Fig. 6 A) . However, the observed low abundance of anomeric C from carbohydrates in solid phase extracted DOM, compared to benthic algae (Fig. 6 A versus D, E) , suggests that algal biomass must have been heavily degraded before entering the DOM pool that could be gained by C18-solid phase extraction. The average d 13 C of ultrafiltered DOM plots closest to those of benthic algae and non-decomposed wood and leaves (Fig. 5) . However, the contribution of benthic algal biomass is probably low as indicated by different abundance of anomeric C from carbohydrates in ultrafiltered DOM and benthic algae (Fig. 6 A versus F). Vascular plant material certainly contributes to the d 13 C in ultrafiltered DOM, as also indicated by the presence of phenolic signals (representative of lignin) in the aromatic region of the 13 C NMR spectra (Fig. 6 B, C,  F) . Ultrafiltered DOM also contained a relatively high aromatic C content and abundance of amino group carbons (Fig. 6 F) , which are an indication for protein material being contained in high-molecular weight DOM compounds. Kaiser and co-workers (2003a) identified an abundance of protein material in ultrafiltered DOM from the Tagliamento River. Their study further indicates that soil-derived microbial biomass is an important source of ultrafiltered DOM. Furthermore, Kaiser and Sulzberger (2003 b) found that these high-molecular weight compounds are highly biorecalcitrant, suggesting that the protein material found in ultrafiltered DOM must have been diagenetically altered. Thus, we conclude that DOM leaching from soils or being released by degradation of SPOM contributes to the pool of biorecalcitrant and slowly cycling DOM. A further support of this conclusion is that the d 15 N of the DOM isolates were less variable than those of FPOM (Table 1 , 2), suggesting that the high-molecular weight and hydrophobic compounds are less dynamic than the small FPOM reservoir, which is an important source of low-molecular weight and hydrophilic compounds in the Tagliamento River (see above).
Interestingly, the average d 15 N of both DOM isolates were close and isotopically lighter than SPOM and FPOM (Fig. 5) . In river water, bacterial degradation of SPOM may cause N sequestration and can explain low d 15 N in DOM isolates (Macko and Estep, 1983) . Similar differences in the isotopic signature of POM and ultrafiltered DOM have been observed in marine samples . However, the average d 15 N of both DOM isolates plotted close to benthic algae (Fig. 5) , indicating that benthic algae biomass may also be contained in the DOM isolates (see above).
Spatial-temporal variability of POM, FPOM, and DOM
Large seasonal variations in C and N concentrations of woody debris collected along the Tagliamento mainstem probably result from wood material having different vascular plant sources from different locations in the vast river catchment and, therefore, show various degrees of decomposition. High floodplain complexity in the Tagliamento River further fosters accumulation/retention of wood material (Gurnell et al., 2000; Tockner et al., 2003) . Longer residence times of woody debris also add to the complexity in chemical composition of this material.
High C and N concentrations in woody debris in spring and winter may have resulted from deposition and accumulation of woody material during cold periods with low-flow. Whereas, lower concentrations in summer and fall may have resulted from rapid removal of reactive or labile components from freshly produced woody debris. Nitrogen was selectively removed from woody debris during summer and fall months. Microbial utilization of labile organic N from decomposing woody material is known to be fast, usually within the order of days (Kaushik and Hynes, 1971) . Decreasing N concentrations from March to October 1999, therefore, indicate a rapidly cycling component of organic N in woody debris. C and N concentrations measured in benthic algae were highest in early spring months (data not shown). These increased concentrations are due to rising temperatures and increased primary productivity, which was stimulated by excess nutrients from snow melt.
In this study we found that the abundance of FPOM was low relative to stream size, in contrast to the data by Meybeck (1981) . Only ~5 % on average of river-borne TOC was present in the form of FPOC and > 90 % resided in the dissolved phase (Table 1) . FPOM abundance was generally lowest in the isolated pool, due to particle sedimentation and dilution by upwelling groundwater (Table  1) . Only during flood events were high percentages of FPOM measured in the Tagliamento River (Arscott et al., pers. comm.) . The high N content of FPOM, which was also observed in other studies (Malcolm and Duurum, 1976; Hedges et al., 1994) suggests high biological reactivity of this organic matter pool as well as continuous input of FPOM along the river. Adsorption of the N-rich FPOM onto positively charged clay minerals can be neglected because Kaiser and Sulzberger (2003 b) observed only negligible amounts of clay minerals in the Tagliamento River. FPOM concentrations shortly increased during post-flood conditions in August 1999. Since our study suggests that FPOM is an important source material of low-molecular weight and hydrophilic, i. e., bioavailable DOM compounds, we assume that during flood events with higher amounts of FPOM, increased concentrations of bioavailable DOM are released into Tagliamento surface waters. A high abundance of bioavailable DON during a flood was observed by Stepanauskas et al. (2000) in a boreal stream.
Strong seasonal variations in bulk DOC, cDOC, and cDON concentrations (Table 2 ) reflect fluctuations in discharge, as also was shown by Mantoura and Woodward (1983) , as well as various decomposition rates of precursor materials. Source materials of DOM have smaller decomposition rates during cold periods with low-flow, and therefore a smaller DOM release. With increasing discharge and temperature, i. e., under high-flow conditions in spring, DOM release increases, particularly from decomposition of freshly produced vascular plant biomass.
During summer and fall low-flow, autochthonous algal and prokaryotic biomass production declines and, therefore, also their contribution to DOM.
Possible fate of C and N in the Tagliamento River
Based on total organic carbon (TOC), total N, and total P concentrations, average monthly discharge (1998 -1999) , and catchment area (Arscott et al., 2000, and pers. comm.) , we calculated exports of ~3184 kg C km -2 y -1 , 632 kg N km -2 y -1 , and ~22 kg P km -2 y -1 from Tagliamento surface waters to the river estuary and possibly to the northern Adriatic Sea. In comparison, Meybeck (1981) estimated average exports of ~3899 kg C km -2 y -1 , but only ~140 kg N km -2 y -1 and ~11 kg P km -2 y -1 for rivers of similar size and discharge. In the Tagliamento River, TOC export is dominated by POC and is dramatically increased during flood events on top of base flow. According to our calculations, the average POC export is 2613 kg C km -2 y -1 while that of DOC is only ~571 kg C km -2 y -1 . Our calculations also predict that from total N, export of dissolved inorganic N dominates, and from total P, export of PP. Overall, it appears that the Tagliamento River recycles C, however, transports N and P.
As stated above, C export from the Tagliamento River is lower compared to rivers reported by Meybeck (1981) , and retention of organic material, i.e., woody debris, is high (Gurnell et al., 2000) . Therefore, we assume that a dominant portion of organic matter is transformed in the Tagliamento River during its transport to the northern Adriatic Sea. This study suggests that in this river the major source of bioreactive DOM and in part of inorganic nutrients is diagenetically young FPOM. Bioreactive DOM is further transformed by microbial processes, resulting in the production of biorecalcitrant, low-molecular weight compounds. We, therefore, assume, as also proposed by Kaiser and Sulzberger (2003b) , that the Tagliamento River dominantly exports small and diagenetically highly altered moieties of DOM to the northern Adriatic Sea that contributes to the large pool of highly degraded, aged, and low-molecular weight marine DOM. For these reasons we propose that the elucidation of the sources and fates of organic matter in semi-natural rivers helps to increase our understanding of global carbon cycling.
